The ability to influence the direction of polymerization of a self-assembling biomolecular system has the potential to generate materials with extremely high anisotropy. In biological systems where highlyoriented cellular populations give rise to aligned and often load-bearing tissue such organized molecular scaffolds could aid in the contact guidance of cells for engineered tissue constructs (e.g. cornea and tendon). In this investigation we examine the detailed dynamics of pepsin-extracted type I bovine collagen assembly on a glass surface under the influence of flow between two plates. Differential Interference Contrast (DIC) imaging (60Â-1.4NA) with focal plane stabilization was used to resolve and track the growth of collagen aggregates on borosilicate glass for 4 different shear rates (500, 80, 20, and 9 s À1 ). The detailed morphology of the collagen fibrils/aggregates was examined using Quick Freeze Deep Etch (QFDE) electron microscopy. Nucleation of fibrils on the glass was observed to occur rapidly (w2 min) followed by continued growth of the fibrils. The growth rates were dependent on flow in a complex manner with the highest rate of axial growth (0.1 m/s) occurring at a shear rate of 9 s
Introduction
Cells in metazoans are embedded in a complex network of macromolecules known as the extracellular matrix (ECM). The ECM provides a framework within which cells may attach and spread. Cell signaling, communication, and motility may be achieved through cell-matrix adhesion and interaction [1, 2] . For in vitro tissue engineering, mounting evidence suggests that it is necessary to provide the cells structural environments (topology/rigidity/ organization) similar to that which is experienced in vivo [3, 4] .
In animal tissues, load-bearing ECM typically comprises 3D arrangements of collagen fibrils in which the collagen organization reflects the tissue's mechanical function. For example, to carry the tensile load in tendon, collagen fibrils are arranged into long and parallel fascicles. In anulus fibrosus in the spine, aligned arrays of collagen fibrils are arranged in a nematic stack where the angle between lamellae is w60 [5, 6] . The stack of lamellae wrap concentrically to form nested cylindrical sections with their central axis oriented in the superior/inferior direction. Such an arrangement is optimized to carry both torsional and circumferential (tensile) loads. In the cornea, which is one of the most highlyorganized tissues in vertebrate animals, aligned fibrillar arrays of monodisperse diameter collagen fibrils are arranged in a nematic stack of alternating lamellae. The lamellae form a series of nested spherical shells which resist the biaxial tension produced by pressure within the ocular globe. In humans, adjacent nested lamellae are typically oriented at right angles.
In vivo, fibril forming collagens are synthesized as soluble procollagen. Fibrillogenesis commences when the globular N-and C-terminus of procollagen undergo an enzymatic cleavage (for review [7, 8] ). In vitro, increasing the temperature of a neutralized solution of acid or pepsin extracted type I collagen molecules results in the self-assembly of the monomers into an isotropic fibrillar network. In vitro studies have shown that collagen self-assembly is an entropy-driven process in which the molecules reach a lower energy state by loss of solvent molecules from their surface [9] . As early as the 1950's, the ability of extracted collagen monomers to self-assemble into native-like fibrils was investigated extensively [10] [11] [12] [13] . These initial studies were both quantitatively and morphologically advanced and have provided the basis for numerous investigations which have probed the assembly kinetics and resulting morphology of collagen assembled ex vivo. This rather large body of work is summarized by Prockop and Hulmes 1994 [14] .
The use of self-assembled, reconstituted fibrillar collagen as a scaffold for tissue engineering (principally due to its natural biocompatibility in vivo) first began in the 1960s [15, 16] . Since then reconstituted type I collagen has been used extensively as a substrate for cell culturing with the results of these studies indicating that collagen substrates enhance cell signaling, proliferation, and further collagen synthesis [16] [17] [18] . In tissue engineering investigations, researchers typically seed the cells of interest into either 2D or 3D networks of randomly assembled collagen fibrils [19] . Although promising results have been obtained for the engineering of structures which possess a low level of ECM organization (e.g. skin) [20] , there has been only limited success when the target tissues comprise highly-organized ECMs (e.g. tendon, ligament, cornea, and bone). This has lead to the realization that a priori organizational cues (such as pre-organized scaffold) may be critical to the engineering of loadbearing tissue [21] .
Compared to investigations on the random assembly of collagen, methods designed to ''influence'' organization of self-assembling collagen fibrils have received much less attention. One of the earliest such investigations attempted to align collagen fibrils in films by inclining a surface during polymerization (drainage technique) [22] . In addition to this drainage method, several research groups have produced organized layer(s) of collagen fibrils (often with the intention of using them for guiding cell culture systems). Methods employed to influence collagen fibril organization during selfassembly include, electro-spinning [23] , the use of strong magnetic fields [24] [25] [26] , electrical gradients [27] , flows through a microfluidic channel [28, 29] , a combination of fluid flow and magnetic field [30] , dip-pen nanolithography [31] , cholesteric methods [32] , and even freezing and thawing [33] . Though great progress has been made in controlling collagen organization, in general, the kinetics of collagen polymerization during influenced assembly has been neglected.
In this investigation, the influence of shear flow on the alignment and dynamics of the self-assembly of collagen molecules has been studied. An on-stage microchamber was employed to produce the shear flow. The dynamics of self-assembly at different shear rates were captured using Live Dynamic Differential Interference Contrast (LDDIC) microscopy. The morphology of the assembled fibrils was investigated by Quick-Freeze, Deep-Etch (QFDE) method, a high resolution electron microscopy technique.
Materials and methods

Experimental apparatus
3 mg/ml monomeric solution of atelocollagen type I (pH 2, Inamed Biomaterials, Fremont, CA) was used as the source of collagen. The solution was neutralized by mixing with 10Â PBS and 0.1 M NaOH in the ratio of 8:1:1 and kept at 4 C in an ice bath prior to the injection. The solution was injected into a temperature controlled (37 C) FCS2 perfusion chamber (Bioptechs Inc., Butler, PA) using a PHD-2000 syringe pump (Harvard Apparatus, Holliston, MA) at a rate of 36 cc/h. The FCS2 chamber was composed of a top micro-aqueduct glass slide with ports for inlet and outlet, a silicon rubber 12 Â 24 mm gasket, and a bottom coverslip. Since collagen self-assembly is a very temperature sensitive process [34] , it was necessary to keep the temperature history of the solution similar at all the shear rates. Therefore, instead of changing the flow rate to vary the shear rate, gaskets with different thickness were used to change the height of the microchamber. Also, a PID controlled SC-20 dual inline heater-cooler peltier (Harvard Apparatus, Holliston, MA) was used to preheat the solution to 37 C prior to the chamber entrance port. To produce calculated shear rates of 500, 80, 20, and 9 s À1 Eq. (7), 100, 250, 500, and 750 mm height gaskets were used, respectively (Table 1) .
Time-lapse studies
Time-lapse Differential Interference Contrast (DIC) [35] microscopy (TE2000E; Nikon [Microvideo Instruments, Avon, MA]) was performed to observe and capture the dynamics of collagen self-assembly in the shear flow. DIC is capable of detecting structures well-below the wavelength of light [36] and has excellent out-of-plane rejection. The microscope was equipped with a perfect focus system (PFS Ò ) which allowed us to lock the plane of focus to the glass coverslip with an advertised 50 nm resolution.
Quick-freeze, deep-etch (QFDE) microscopy
QFDE was used to capture the morphology and nano-scale structure of collagen fibrils. The coverslips were removed from the chamber and rinsed with cold 1Â PBS to stop the reaction and remove the excess fluid from the coverslip. The coverslips were broken into smaller pieces (w2 Â 2 mm) using razorblades and mounted onto a sample holder using a 10% Laponite solution (Rockwood Additives, Cheshire, UK). After mounting, the excess PBS was removed using filter paper and the sample was rapidly slam frozen onto a liquid nitrogen-cooled copper block using a Cryogun (DDK Inc., Wilmington, DE) and stored in liquid nitrogen. The frozen samples were transferred to a modified CFE-40 QFDE unit (Cressington scientific Instruments, Watford, UK) for replication. Samples were etched at À95 C for 30 min to remove vitrified ice. Samples were rotary coated at À125 C by evaporation of platinum/carbon at 20 angle for 12 s and pure carbon at 90 angle for 20 s (to strengthen the replica). Samples were transferred into household bleach to digest the tissues and rinsed with DI-water. Replicas were picked up on 600 mesh copper grids then viewed and digitally photographed with a JEOL transmission electron microscope (JEM 1010, Tokyo, Japan).
Fibrillar growth rate/radius of curvature measurements
The NIH-Image J software was used to measure the growth rates and the radius of the curvature of collagen fibrils during polymerization. The growth of at least fifty randomly selected fibrils was tracked over a period of 5 min and the growth rates were reported as the mean AE SD.
Quantification of fibrillar alignment
Fibrillar orientation and alignment in LDDIC images were assessed with a Fourier transform method described elsewhere [37, 38] . Briefly, images were imported into Matlab and a square region (1040 Â 1040 pixels) from the center of the image was extracted. Due to the nature of DIC, contrast in an image is maximal along the shear direction of the DIC prism and falls off to a minimum in the orthogonal direction. Consequently, application of the Fourier transform method on a DIC image will produce an orientation distribution that contains a bias due to greater fibril edge contrast in the shear direction. In order to reduce this bias and give equal weight to fibrils independent of orientation, fibril edges in the DIC images were identified with a Canny edge detector to produce a binary edge-segmented image. The 2D discrete Fourier transform (DFT) of the edge-segmented image was then obtained after the image was filtered with a Welch window. Next, the power spectrum was band pass filtered with cutoff frequencies of 16 and 260 (as used in [38] ). The remaining annular region was converted to polar coordinates and divided into 1 intervals to obtain number-averaged-line intensities, which were then rotated 90 degrees to give the fibril orientation distribution, I(q), in the spatial domain. The mean angle of the distribution, m, was calculated using circular statistics [39] for centrally symmetric axial data according to the following equations: 
To assess the strength of alignment in the images, I(q), was converted to a second rank orientation tensor (see [38] ) and the eigenvalues and eigenvectors were extracted to give the magnitudes and principal directions of orientation, respectively. The anisotropy index provides a measure of the strength of alignment in the image and is defined as a ¼ 1 À l 1 =l 2 , where l 1 and l 2 are the minor and major eigenvalues, respectively. Under this convention, a ¼ 1 for a completely aligned network and a ¼ 0 for an isotropic network.
Statistical analysis
Statistical analysis was conducted with the Statistics Toolbox in MATLAB. Significance (p < 0.05) was determined with a one-way analysis of variance, followed by a Tukey-Kramer multiple comparison test.
Results
LDDIC microscopy
Collagen fibrils first appeared 180 AE 30 s after solution injection and fibrillar growth continued both in the longitudinal and lateral directions ( Fig.1and Supplementary movie 1). It should be mentioned that because of the resolution limit of the DIC (w25 nm), it is likely that the initial nucleation of fibrillar structures was not captured. The axial fibrillar growth rates were 0.055 AE 0.013, 0.022 AE 0.005, and 0.100 AE 0.025 m/s at 80, 20, and 9 s À1 shear rates, respectively (p < 0.05 between all shear rates, Fig. 2 ). Due to the very short length of the fibrils, it was not possible to accurately measure the growth rate at 500 s
À1
. At high shear rates collagen molecules were assembled into very short fibrils (2-3 mm at 500 s The growth of the fibrils after the ''hook'', however, was different at various shear rates. At the high shear rates, fibrils often made a complete (180 ) turn while at lower shear rates, fibrils made an approximate 90 turn and growth continued either perpendicular to the flow (at the medium shear rate, Fig. 4C ) or even against the flow (low shear rates, Fig. 4D ).
Occasionally, it was seen that the ends of growing fibrils were not tethered to the glass but instead were floating in the solution (data not shown). In these cases, the influence of the flow turned the free end of the fibril downstream. Eventually the fibril was tethered onto the glass and continued growing.
The number of fibrils formed (i.e. nucleation sites) was also dependent on shear rate (Table 2 ). At shear rates of 500 and 80 s À1 , the number of the fibrils formed after four minutes was two and three fold higher than for 20 and 9 s À1 , respectively. Another interesting phenomenon seen with the DIC and QFDE (Figs. 5 and 6D) was the merging and branching of the fibrils. Quite often it was seen that two short fibrils merged, or a single fibril branched into two or more separate fibrils (see Supplementary movie 3).
QFDE
QFDE images show that the shear aligned collagen fibrils (and monomers) were tethered to the glass (Fig. 6A , C, and D). The larger fibrils did not appear to have a circular cross section (possibly due to this strong surface interaction). Each fibril was comprised of 3-5 nm diameter microfibrils woven together (Fig. 6A ) to form ''frayed'', rope-like fibrillar aggregates. Microfibrils not associated with fibrils were also observed occasionally. These microfibrils formed unorganized ''mats'' on the glass surface between fibrils (Fig. 6B) .
The fibrillar alignment and behavior observed with DIC were confirmed with QFDE. Fig. 6C shows hooks with a large radius of curvature characteristic of the low shear rate and hooks with a low radius of curvature characteristic of the high shear rate (Fig. 6C  inset) . Fig. 6D is a QFDE image showing the branching similar to that observed with DIC.
The fibrils assembled under the influence of shear stress did not exhibit the 67 nm D-banding pattern characteristics of native collagen fibrils (Fig. 6A-D) . The D-banding is the result of the precise arrangement of molecules within each fibril [40] . It is possible that applying shear stress to the monomers (and fibrils) may interfere with the normal fibril assembly. Also, it is possible that the interaction with the glass surface influences the molecular packing.
Discussion
Controlling the organization of collagen fibrils in vitro has been the topic of extensive research during the past few decades. More recently, due to the development of micro-manufacturing methods, shearing flow of collagen molecules or fibrils has been used as a tool to align collagen fibrils. Although this method has proven to be relatively successful, little is known about the dynamics of collagen self-assembly under such conditions. In this investigation we studied the dynamics and organization of collagen fibrils selfassembled under the influence of shear stress. We found that this method is capable of producing moderately aligned collagen fibrils. However, the fibrils form sharp turns or ''hooks'' perpendicular to the flow, which reduce the strength of the alignment. In addition, the fibrils formed do not exhibit the periodic D-banding that is characteristic of native collagen fibrils.
The process of shear-influenced self-assembly of collagen is extremely complex at the level of the monomer. There are three different physical processes simultaneously involved in this phenomenon: 1) Collagen accessibility to the surface (Taylor dispersion), 2) Hydrodynamic interactions between monomers and the solvent (alignment force), 3) Energetic interactions (between the glass surface/collagen, and between collagen molecules and collagen aggregates -nucleation/adsorption). In order to better understand how these processes might contribute to the observed polymerization behavior, we have performed a simple scaling evaluation.
Collagen accessibility to surface
The diffusion of collagen monomers through the fluid and onto the coverslips provides a ''source'' of molecules necessary for surface coating and fibrillogenesis. The diffusion of the molecules is influenced by the convection velocity. Fig. 7A is a schematic representation of the fluid dynamic situation inside the chamber. Since the width of the chamber is at least 10 times larger than the height of the chamber we can approximate the problem as 2-dimensional flow between two flat plates. Therefore, the flow field simplifies to a 2D Poiseuille flow with the parabolic velocity profile of:
where Q is the flow rate, w is chamber width (12 mm), and h is the chamber half height (h ¼ H/2). The values of the Reynolds (Re) number (Table 1) 
where D h is the hydraulic diameter (in this case H), U is the average velocity ðU ¼ Q =wHÞ, and m is the dynamic viscosity of the solvent (0.034 Pa S, [41] ). A no-slip condition on the glass produces a shear stress and consequently shear rate on the glass (and in the flow) which are calculated according to Eqs. (5) and (6), respectively:
The maximum shear stress occurs on the coverslip and is calculated according to:
We start our analysis with the simple case of no flow (u ¼ s ¼ 0). The movement of the molecules in solution (i.e. diffusion) is governed by a random walk (RW) process caused by the Brownian motion of the molecules. Based on the RW theory the average distance a molecule with diffusion coefficient D travels during time t would be:
Therefore the time required for a molecule to diffuse across the H of the channel would be:
Given an average velocity of U in the channel we can calculate the time for a convected molecule to travel the length scale [: , and between 500 s À1 and 9 s
À1
. Note that the direction of maximum alignment did not always correspond to the direction of flow (indicated by the red line at 0 degrees).
The ratios of these two time scales for a given length scale [ gives a measure of the ability of the diffusing molecule to reach the glass surface:
This ratio is the dimensionless Peclet number (Pe). For Pe < <1, diffusion overcomes the convection and molecules can easily reach the surface. In contrast, for Pe >> 1, convection dominates and collagen molecules pass through the chamber before they can diffuse onto the glass. In the latter case the process could become diffusion limited. However, due to the velocity gradient in the transverse direction the effective dispersion of the molecules is enhanced in pressuredriven flows [42] (Taylor dispersion [43] ) according to:
where the dispersion coefficient g, is a function of the crosssectional shape and aspect ratio of the molecule. Ajdari et al. showed that if the molecule residence time is larger than the time scale s D ¼ w 2 =D, the dispersion in the longer dimension dominates (i.e. width of the channel) the dispersion in the shorter dimension (i.e. height) and therefore, in the effective diffusivity calculation (Eq. (12)), the height of the channel should be replaced with the width [44, 45] . In these experiments, the average residence time of the collagen molecules in the microchannel for the slowest case is six orders of magnitudes smaller than the time-scale and therefore only the dispersion in the shorter length (i.e. height) is important. This reduces the problem to the dispersion of the molecules between two parallel plates for which g is found to be 1/210. Using Eq. (12) and the channel's dimensions, the new value of /s found for no flow conditions [46] ). It should be mentioned that using the same flow rate for different shear rates results in similar dispersivity at the different shear rates and therefore, monomers have the same accessibility to the surface at different shear rates. As a result, for this series of experiments, the effective Peclet number was determined based on the effective dispersivity at each channel height.
Calculated values of Pe are given in Table 2 . Because Pe was well below one (Pe ¼ 2.27E-03 for all flow conditions), the flow was not diffusion limited, and a sufficient supply of monomer was available to the glass.
Monomer/solvent interaction 4.2.1. In free solution
The Weissenberg number (Wi) is a dimensionless number that has been extensively used as a measure of the flow strength over a polymer chain [47] :
where 3 is the longest relaxation time of the polymer.
To compare the results of this investigation with the results of similar studies (e.g. on DNA), it was necessary to calculate the Wi number and, hence, the relaxation time of the collagen molecule. Since the equilibrium radius of a collagen molecule is smaller than the diffraction limit of the light, it was not possible to measure the relaxation time directly in this series of experiments. Therefore, to calculate Wi the equation for the longest relaxation time of a chain developed from the Rouse model [48, 49] was used:
where x tot is the drag coefficient, CRD 0 is the molecule end-to-end distance, K B is the Boltzmann constant, and T is the temperature.
The drag coefficient was calculated based on Batchelor's theory of a slender body in Stokes flow [50] [51] [52] :
where L and d are the molecule length and diameter, respectively. The end-to-end distance was calculated according to:
where b K is the Kuhn length of the chain (the length that satisfies the Brownian motion of the polymer). It has been found that the Kuhn length is twice the persistence length of the polymer (b K ¼ 2[ P ) [53] . Therefore,
Combining Eqs. (14)- (17) with the parameters related to collagen (L ¼ 300 nm [54] , [ p ¼ 15 nm [54, 55] , d ¼ 1.5 nm, and T ¼ 310 K), the longest relaxation time of collagen is 800 ms, which is much higher than the literature values of 117-160 ms [56] [57] [58] [59] [60] . Since a flexible chain has a shorter relaxation time compared to a rigid rod, this difference could be due to the calculation of the drag coefficient, which is based on a rigid slender cylinder. These values are 250 times smaller than the relaxation time of l-phage DNA (w2 S). Table 1 shows the calculated Wi number at different shear rates for a relaxation time of 800 ms. The Wi numbers are very small which indicates that the influence of the shearing flow is not very strong for a small molecule of the size of collagen. Collagen molecules are semi-flexible chains. The molecular flexibility parameter is measured by the ratio of the square of the contour length to the mean square of the end-to-end distance of molecule at equilibrium [48] . Therefore, collagen molecules are much less flexible than many other natural (e.g. 150 for DNA) and synthetic polymers. The results of both Brownian dynamic simulations and experimental studies of the semi-flexible polymers in a shearing flow produced between two nonadsorbing surfaces show two depletion regions in the profile of polymer concentration across the channel height [51, 61] . The first depletion region near the bounding surface is due to the hydrodynamic interactions which result in the migration of the molecules toward the center of the channel. Even under no flow (Wi ¼ 0) this depletion zone exists. Increasing the Wi number increases the thickness of this layer. For Wi < 100 the nondimensionalized depletion thickness (ratio of the thickness to the radius of gyration) is a linear function of the Weissenberg number. The second depletion region located at the centerline is due to non-uniform stretching of the polymer in the inhomogeneous shear gradient. The maximum chain stretching occurs in an intermediate region between the centerline and the coverslip. The chain configuration in the flow will stochastically vary from a stretched state to coiled state, as predicted by De Gennes and which was shown experimentally for DNA [47, 62] . Although the fluctuations were initially attributed principally to the rotational component of the shear [62] the stochastic nature of the fluctuations (as opposed to a periodic motion of the molecules) indicates that Brownian motion of the molecules is also involved [47] . Fig. 7B is a schematic representation of the dynamics of the chain conformation in the flow based on the prediction of Smith et al. [47] for the DNA dynamics in the shear flow. The velocity gradient in y-direction produces a differential drag force across the chain, which causes the chain to stretch and align in the flow direction in order to reduce drag (Fig. 7B-c) . Any perturbation in the chain due to the Brownian motion, the rotational component of the flow, and entropic forces will re-expose the chain to the velocity gradient ( Fig. 7B-d ) resulting in stretching of the coil (Fig. 7B-c) or production of chain instability which will recoil the chain (Fig. 7B-e) . Thus, collagen molecules in the free solution shearing flow will undergo this stretch-recoiling-cycling and will avoid the surfaces and the centerline of the channel.
Tethered molecule
Another contributing factor to the fibril formation observed in these studies involved the mechanism by which monomer and forming fibrils adsorbed to the glass. Here, we assume that one end of the collagen molecule attaches to the glass (Fig. 7C) , which allows us to reduce the problem to the case of a tethered semi-flexible molecule in shear flow. Similar to the polymer configuration in the bulk flow, the molecules undergo cyclic fluctuations [63, 64] . After a collagen molecule becomes tethered to the glass (Fig. 7C-a) the molecule will experience an increased drag force (due to the increased relative fluid velocity), which produces stretching and rotation toward the surface in the direction of the flow (Fig. 7C-b and c) . As the chain rotates toward the glass, the drag-related stretching force decreases (due to reduced solvent velocity) and the chain begins to recoil. At this point the molecule will either be repelled (due to exclusion effects) or adsorbed (due to the surface energy effects). If it does not adsorb, the chain will fluctuate and move further from the glass surface (Fig. 7C-d and e ). This will expose the chain to a higher fluid velocity induced stretch and it will cycle through b-e again. This cycle will continue until the chain is adsorbed by a local surface (i.e. glass or a forming fibril). The experiments on the dynamics of DNA in the shear flow next to an absorbing surface demonstrate that the stretch of a molecule is approximately 3-fold less than the stretch of the molecules in the bulk solution (CXD/L ¼ 0.15 compared to CXD/L ¼ 0.4) [51] . In addition, the plot of the chain extension versus Wi reaches a plateau for small Wi, which indicates that very weak flows (wWi ¼ 10) are capable of (a) , the chain will stretch further (b) which produces a torque which brings the chain close to the surface (c). Due to the energy of the surface it is possible that chain binds to the glass at this stage. If not, due to the Brownian motion the chain will fluctuate and move further from the glass surface (d and e). This will expose the chain to stronger flow which causes the chain to stretch and enters the cycle b-e again. This cycle will continue until each part of the chain is absorbed onto the surface. stretching the molecules. Dynamic simulations of a tethered DNA molecule in shearing flow showed that depending on the Wi number, three regimes of chain conformation are possible. For Wi < 1, the chain is slightly stretched with small fluctuations. For 1 < Wi < 20, both extension and fluctuations of the chain increase. For Wi > 20, the extension is maximized but the fluctuation decreases. In this series of experiments the Wi (for single collagen molecules) was less than unity, which indicates that the collagen would only be slightly stretched by the shearing flow.
Scaling methods allow the prediction of the chain configuration of semi-flexible polymers [65] . Ladoux and Doyle developed a model to explain the fluctuations of a tethered DNA chain next to the wall [64] based on this method. The chain extension in the flow is the balance of the hydrodynamic force with the force f required to keep the ends at a separation distance of [: f yx _ gdy (18) where dy is the chain's displacement in the y direction and x is the drag coefficient.
Defining k as the un-stretched fraction of the chain's length k ¼ ð1 À [=LÞ, they reached the following asymptotic relation for f, dy, and k for worm-like chain (WLC):
Therefore, increasing the shear rate causes larger extension of the chain in the flow, but the relationship is weak. Aggregation in free solution. At the experimental conditions, collagen molecules have the potential to undergo spontaneous selfassembly in the flow or while tethered to the glass (prior to adsorption). Although the residence time of molecules in the system prior to entrance to the imaging area was in the order of 45 s (which is much shorter than the time required to assemble -as measured by turbidity [34] ), it is still possible that molecules selfassembled in the free fluid stream and formed very small fibrils (e.g. dimers, trimers, or penta-fibrils). This will dramatically change the dynamics of the chain configurations and hence the alignment of the fibrils. For example, a collagen dimer has length of 570 nm [66] and the diameter of w2 nm and the longest relaxation time of 1.3 mS which is ten times higher than the monomer's. The increase in the relaxation time increases Wi correspondingly. Therefore, the same flow rate and flow velocity has a much higher order effect on the dimer and is much more effective at aligning the dimer in the flow direction. If substantial numbers of aggregates are adsorbing to the glass surface, then the alignment effect of the flow on resulting fibrils is likely to be far greater [29] .
Energetics
The process of shear-influenced polymerization on a surface is significantly more complicated than the simpler case of flexible molecule interaction with shear flow because there are two energetic phenomena which govern the process of collagen accumulation on the glass. The experimental conditions (pH ¼ 7, T ¼ 37 C) are designed to induce the collagen molecules to spontaneously selfassemble into higher order aggregates. Collagen self-assembly is an entropy-driven process during which monomer-associated water molecules gain entropy following ejection during the formation of intermonomer associations [7] . For type I collagen Gibb's free energy associated with fibril assembly is À13 kcal/mol [9] . The second important energetic interaction is provided by the rigid bounding surfaces (coverslips in the case of this study) which provide a highenergy interface that is adsorptive to collagen molecules [67] . The adsorption energy between our glass coverslips and the collagen monomers/aggregates is not known, however, it appears to exceed the assembly energy of the formation of D-banded collagen fibrils because it often prevents normal fibril formation (see Fig. 6 which shows distorted collagen fibrils). The details of the specific collagensurface and collagen-collagen interactions are likely to strongly influence the nucleation, direction, and speed of collagen fibril assembly.
Nucleation of a collagen fibril or organized collagen aggregates appears to require the deposition of an initial mat of monomers on the glass, which in some way facilitates the continued aggregation of monomers in an organized manner (See Fig. 6 for detailed images of collagen aggregates on collagen mat). Given that fibrils comprise arrays of aligned monomers, it is reasonable to assume that initial alignment of the mat should strongly facilitate fibril nucleation and growth in a particular direction. Indeed, data from this investigation and others [29] suggest that the formation of suitable nucleation sites is a strong function of the orientation of the initial surface coating of collagen. We have found that the number of nucleation sites for each shear rate generally increases with increasing shear rates indicating that alignment of the initial collagen mat is a potentially important parameter. The initial mat orientation is likely to be produced during the very first wetting of the glass in the chamber. It is beyond the scope of this investigation to examine the contact line dynamics, which are likely to produce the initial mat orientation. However, we suggest that control of that process is likely to be critical to the subsequent organization and direction of growth of shear-aligned collagen structures grown on surfaces.
The direction of growth of a fibril or aggregate proceeds both upstream and downstream, and is under the influence of the flow rate as indicated by the strength of alignment data and by the growth rate versus shear rate data. The relationships between growth rate, alignment, and shear rate are complicated. With regard to direction of growth, fibrils grow generally in the direction of flow (but can sometimes be oblique to the flow direction). The orientation of the fibrillar aggregates is likely due to the combined effect of the initial collagen mat orientation and the shear rate. The orientation of the collagen mat is likely to influence the direction of growth by providing local sites of favorable adsorption in a particular direction (with aligned collagen). However, there appears to be a fundamental physical limitation which prevents the production of completely aligned fibrils on the glass using constant shearing flows. It is not clear how this limitation is produced, however, it is reflected by decreasing radius of curvature of the ''hooks'' we observe as a function of increasing shear rate. At the highest shear rates, the collagen fibrils can change direction by 180 degrees over the distance of about 2 monomer lengths on average (see inset in 6B for a hook with a very small radius of curvature of w100 nm). From our data, it is not possible to determine if this phenomenon is driven by the orientation of the collagen mat or by the dynamic shear effect on tethered molecules. If we consider the upstream side of a fibril/ aggregate, the shear rate will influence the directional probability of a tethered monomer adsorbing to the collagen mat. If the mat is strongly aligned, the tethered monomer will have an increased probability of adsorbing in the direction of the alignment (either upstream or downstream). If the shear rate strongly influences the probability distribution of the tethered molecule orientation in the direction of flow, the likelihood of adsorption upstream will decrease and predispose the molecule to adsorption in the downstream direction. The combination of a highly-aligned mat with increased shear rate favors downstream adsorption because there exists a locally oriented mat (receptive to adsorption) within reach of the tethered molecule even when it is oriented downstream. The small radius of the change in direction of the adsorbed aggregates at shear rates reflects this shift in adsorption probability.
Conclusion
In this study we examine the dynamics of shear-influenced collagen assembly on a glass surface using live differential interference contrast imaging. We also investigated the detailed morphology of the collagen fibrillar aggregates using high resolution Quick Freeze Deep Etch electron microscopy. The experiments demonstrate that collagen self-assembly in a shear flow is a complex physical event which includes the effect of shear rate, self-assembly energetics and surface energy. In spite of the modest theoretical influence of shear rate on the statistical alignment of single, tethered collagen monomers, there is an observable influence of flow on the direction of assembly of collagen on the glass surface. Even at very low shear rate (9 s
À1
) the fibrils demonstrate clear alignment in the direction of flow. The best fibril alignment was observed at 80 and 20 s
. However, it does not appear to be possible to produce completely aligned collagen using the shearinfluenced assembly approach. At all shear rates, fibrils would often change direction producing what we term ''hooks''. Hook formation was most pronounced at high shear rates where fibrils would change direction 180 degrees (upstream to downstream within a few molecular lengths.) The presence of the hooks was confirmed by QFDE imaging. At lower shear-rates, the hooks could result in fibril growth perpendicular to the flow or even against it. These directional changes are possibly due to the combination of the influence of the organization of the collagen mat (which was produced on first wetting of the glass) and the influence of the shear rate at the glass surface. In addition to the directional growth behavior of the fibrils, both branching and merging of collagen was observed dynamically during fibril assembly. QFDE images show that the collagen fibrils often comprise smaller possibly molecular units which are wound together to form rope like aggregates. However, the anticipated D-banding characteristic of native collagen fibrils was not seen in the shear-assembled collagen fibrils/aggregates. We propose that the surface energy of the glass is adequate to ''distort'' the fibrillar structure enough to prevent proper nucleation of banded fibrils. Ultimately, the data from these studies has shown that applying shear flow to the collagen molecules causes them to self-assemble into reasonably aligned collagen fibrils/aggregates. However, there appears to be a physical limitation to producing alignment due to growth instabilities which manifest in the form of what we term ''hooks''. Further, the influence of the surface, which must be energetic enough to adsorb the collagen, appears to also distort the fibrils, preventing normal D-banding. The key to shear-alignment of collagen may reside in producing a highly oriented initial layer of collagen (perhaps via a high shear rate or surface energy patterning) followed by a more modest shearing flow of available monomers).
